We analyzed recently discovered level ordering of P states which are different in heavy and light quarkonia. Its implication in Lorentz property of the potential is also studied. It is confirmed that pure vector potential cannot explain the inversion of 11 Hand 1 3 H levels, and mixing of scalar potential seems to be necessary, which has been suggested before by the analysis of the fine structure of the heavy quarisonium. § 1. Introduction
1
) and the difference between the heavy mesons and the light ones concerning the ordering of 11 Pr level among other Fstates has become clear. In Table I the experimental values of the P states are listed. It is easy to see that the relative position of 11 PI to 1 3 P, of light mesons is different from those of J!¢ and Y. We investigate the possibility of explaining these inversions in the framework of the potential model, which makes a great success in the region of heavy quarkonia. 2 ), 3) We show that it is impossible to explain this inversion of the position of 11Pr only by the vector type potential, i.e., the mixing of scalar confinement is needed, which has been suggested by the analysis of the fine structure of heavy quarkonia, J/¢. 2) In § 2, general possibility to explain the inversion is studied at first for BreitFermi formalism and the realistic model for numerical calculations are given in § 3. Section 4 is devoted to numerical results and § 5 is to discussion. § 2. Qualitative considerations Before the numerical calculations for realistic potential, we study the general features of the structure of P levels which depends only on the form and the Lorentz structure of potentials. Here the Breit-Fermi corrections are used for the analysis, which is useful to analyze the spin dependeuce of P states.
Let us assume the central potential Vcen(r), for example,
Vcen(r)=v(r)+s(r) ,
where the Lorentz property of vCr) is vector and that of s(r) is scalar. Vcen(r) corresponds to the Fourier transform of the kernel in the instantaneous ladder Bethe-Salpeter equation which will be used for numerical calculations in § 3. Then Table I . The ordering of 1P levels of quark onium.
Breit-Fermi potential is
V BF corresponds to the Fourier transform of VBF(p, p') in Eq. (23) in § 3. As is seen above, the difference of the Lorentz property appears essentially in the spin dependent terms, i.e., in the fine splittings of the spectrum e P z -3 H, 3 H -3 Po) and
(SP]-IH). The mass levels of the P states are written in this framework as (3) M is the sum of the constituent quark masses and the contribution of the spin independent terms in the potential. CAIBIC given in Table II (4) which are independent of the Lorentz property of potential. The explicit forms are shown in Table III . Next we analyze what type (the r~dependence and Lorentz property) of potential can cause the inversion of the relative position of 1 3 Hand 11 H with the quark masses as Table I . First of all, we consider (1) The case of vector potential motivated by the vector coupling of the gluon with quarks. Next (2) is devoted to the case of scalar . potential suggested by the analysis of the fine splitting of r/J.
)
The mixed version is considered as the last case in (3). There is no positive reason to have to consider the other cases of Lorentz properties and we do not analyze them in this paper.
C. Yoshida-Habe, K. Iwata, M. Hirano, T. Murota and D. Tsuruda (1) The case of Vcen(r) = vCr); vCr) is Lorentz vector.
If we set C=8B,
The order of P levels including 1 PI depends on the magnitude of A (the spin-spin term), since Me PI) is expressed a~
For the simple power potentials, v(r)=ra,
(11)
and do not have no mass dependence once one fixes the form of Vcen( r) = ;a, i.e., the level ordering of P states is always equal both for the heavy quark onium and for the Table III . A, B, C, a and the ordering of IP levels for typical power potentials. Integer values on the abscissa correspond to each potential type shown in Table III. light quark onium and cannot explain Table 1 . T~e level ordering of P states is displayed for typical potentials in Table III. But 0 of the mixed version of two power potentials may be massdependent, e.g., Vcen (r)=-I/r+r, which corresponds to the so-called "standard potential"3) except for the Lorentz property of the confining potential,
In the short range region (Le., heavy quark region), the Coulomb potential contributes mainly and linear potential contributes in the long range region (Le., light quark region). And then the level ordering of P states changes from 3H>IH>3H>3PO (corresponding to Coulomb potential) to 3H>IH=3PI>3PO (corresponding to linear potential) as the quark mass becomes smaller as is shown in Table III . As the result inversion of 3 PI and I H cannot happen. But if we replace the linear potential with harmonic one the ordering of P levels change from 3P2>IPI>3H>3PO (corresponding to Coulomb potential) to 3P2>3PI>IPI>3PO (corresponding to harmonic potential) as the quark mass becomes smaller. Then existence of this inversion needs to include a potential of which power is greater than 1, Le., r a (a> 1) in this mixed potential of simple power types.
(2) The case Vcen(r)=s(r); s(r) is Lorentz scalar. x corresponds to the relative magnitude between vector and scalar potentials. +1.. x _l 5 2
MCP J ) vs X is shown in Fig. 2 There have been two possibilities that can explain the crossing of 3 PI and I H; if you work with only the vector type potential, (i) the case of the sum of simple power potentials, i.e., r a , one of which has to be ra(a > 1). Another possibility is .(iO the mixed case of vector potential and scalar one.
Since lattice ca1culations 4l need linear confinement, the case a> 1 is not realistic and Case (i) is excluded. The analysis of fine structure of heavy quarkonium need the mixing of scalar potential as stated before. Then we adopt the latter possibility (iO, the mixing type potential, for numerical calculation. 
1) The aPproximation
The Bethe-Salpeter equationS) is the most orthodox tool for the relativistic two body system in quantum field theory. But, it does not seem easy to analyze the B-S equation. Then to get the qualitative results, one approximates this equation in some way.
W euse here the relativistic approximation to take into account only the positive energy amplitude in the instantaneous ladder Bethe-Salpeter equation (Salpeter equation 6 ),7».
Instantaneous ladder Bethe-Salpeter equation for a two fermion bound system in the momentum space is as follows: (20) where x(p) and SF A1B are Bethe-Salpeter amplitude and fermion propagater respectively. P is the total momentum of the center of 'mass system and P is the relative one between the two particles. KJ(p-p') is the instantaneous kernel which has to be derived from the dynamics governing the constituents of the system. In this equation, we practice the Foldy-Wouthuysen transformation. Then we get the coupled equations,7)
where V e and VO are the even and odd parts of the potential. We neglect the negative energy amplitude r/J2 and get the Fredholm type homogeneous integral equation, {M -2E(P)} r/Jl(P)= f(~~;3 Ve(p, P')r/Jl(P'). (22) This equation is just the one used in our analysis. The difference between Eqs. (21) and (22) can be seen in Ref. 8 ). The Breit-Fermi equation and the nonrelativistic Schrodinger equation can be obtained by expanding this equation by (vic) order and take only the second and the lowest order terms,
{M -2m+ f~}r/Jl(P)= f(~~;3 VNR(p, P')r/Jl(P').
2) The potential
The potentialS) is written in the momentum space with the kernel KJ(x) as 
where Kg(x) is the Coulomb-like part with the running coupling constant and Ke(x) is the so-called confining part which may be the phenomenological appearance in the potential of the nonperturbative effects. The difference of Kg(x) and Ke(x) on the Dirac matrices is due to the Lorentz property of these kernels, i.e., Kg(x) is the vector and Ke(x) is scalar.
Since as(q2) tends to (47r/bo)(1/ln(a)) for q2~A2, larger In(a) represents to suppress the contribution of vector potential for small momentum region. Fig. 3 corresponding to the parameter sets given in Table IV . It is We discuss the possibility of explaining the crossing of 11 PI and 1 3 PI from heavy quarkonium to light ones in the framework of the Breit-Fermi potential. Among several possibilities vector-scalar mixing potential is reasonable to explain crossing without spoiling the results deduced from the region of heavy quark onium. Numerical calculations suggest that there exists some region of the parameters (in this work the other parameters except In(a) are fixed to reproduce the spectrum of heavy quarkonia) in our model, which explains the level crossing of P states. This region of In(a) is near the one that can reproduce the spectrum of IN and Y. 9) This fact suggests the possibility that the spectrum of heavy and light quark onium can be reproduced in a unified way with the single phenomenological potential. We will obtain the parameter set reproducing experimental values in the next paper.
There also exists the parameter region where the levels of 1 3 Hand 1 3 H also exchange as in 11 and /z. However, it is difficult to think this crossing as the necessary condition which is satisfied by the potential, since this crossing does not happen for p mesons. The region of light meson is affected by various anomalous effects, e.g., glueball mixing and flavor mixing. More analyses are required.
